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Beyond the WIMP Paradigm

WIMPs are great!

But:

* many other DM candidates exist
* no clear evidence for WIMPs (yet?)
* no new physics at the LHC (yet?)

e several challenges
(“small scale crisis of cold DM”)



Some challenges for WIMPs??

® CUSP_COI"e e.g. Navarro et al. 1997
o Missing satellites e.g. Klypin et al. 1999; Moore et.al. 1999
e Too b|g too fail Boylan-Kolchin et.al. 201 |

Resolution?  « baryons!?
e warm DM?
® Self_interaCting DM? Spergel, Steinhardt 1999
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Resolution?  « baryons!?

e warm DM?

® Self.interaCti ng DM? Spergel, Steinhardt 1999

requires new interactions



Beyond WIMPs:
MeV-to-GeV mass Dark Matter

(an old idea, e.g. Boehm, Fayet, ...)

below conventional WIMP scale; above scale for
which cosmological constraints can be important

natural, viable candidates exist

rich phenomenology
(like WIMPs)
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direct detection
colliders (e*e’)
fixed-target (p & €)
indirect detection
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e colliders (e*e)
e fixed-target (p & €)
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Direct Detection below 1 GeV?

conventional wisdom: no
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Cannot use elastic nuclear recoils for detection

RE, Mardon, Volansky

DM

® y

light
heat
electric charge
Fig credit: Tien-Tien Yu

keV r

recoiling nucleus has
too little energy wl

Exr

MeV GeV TeV
DM mass



But scattering off electrons works!

RE, Mardon, Volansky
DM ‘/
V.,

Fig credit: Tien-Tien Yu

most of DM energy can
be transferred to electron




WIMP—-nucleon cross section [cm?]

Allows Direct Detection
down to ~1 MeV

WIMP Mass [GeV/c?]




DM-electron scattering

* Noble liquids (xenon, argon, helium)

 Semiconductor targets (germanium, silicon)
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Requires continued R&D to reach low threshold, but very promising
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Prospects for noble liquids

Cross section Sensitivity and Event Rate (per kg-year)
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Prospects for noble liquids

RE, Mardon, Volansky

Cross section Sensitivity and Event Rate (per kg-year)
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Prospects for noble liquids

RE, Mardon, Volansky

Cross section Sensitivity and Event Rate (per kg-year)
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possible improvements by XENON100, LUX, ...



Prospects for semiconductors

RE, Mardon, Volansky
Cross section Sensitivity and Event Rate (per kg-year)
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\ semiconductors

(Ge, but Si similar)

1 kg-year

band gap (~1 eV) < atomic ionization energy (~10 eV)

—> can potentially reach very low masses!



Calculating Rates
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Calculating Rates

d<agonv> 66

dln ER B 8:“’%3

/qdq|fzon<k',q>|2|FDM<q>|2n<vmm>

AFEpg + E
T _ AEB R _4

Umin =
q 21y

ionization form factor

‘f(Q)|2 ™~ Z ‘<¢Out‘€i§.F‘¢bound>

degeneracies

‘ 2




Calculating Rates
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Challenging to calculate, especially for semiconductors!

e analytic approximation — how accurate? Graham etal. (1203.2531)

Lee, Lisanti, Mishra-Sharma, Safdi (to appear)

* numerical: adapt existing solid-state codes RE, Mardon, Volansky (1108.5383)

RE, Fernandez-Serra, Mardon, Adrian Soto,Volansky, Tien-Tien Yu (to appear)



Recoil energy spectrum

RE, Fernandez-Serra, Mardon, Adrian Soto,Volansky, Tien-Tien Yu (to appear)
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Rate [events/kg/year]

Recoil energy spectrum

RE, Fernandez-Serra, Mardon, Adrian Soto,Volansky, Tien-Tien Yu (to appear)

Number of Electrons

Current

thresholds, e.g.

CDMSlite: ~170 eV
(1309.3259)

DAMIC: ~50 eV
(1105.5191)




Rate [events/kg/year]

Recoil energy spectrum

RE, Fernandez-Serra, Mardon, Adrian Soto,Volansky, Tien-Tien Yu (to appear)

Number of Electrons

Current

thresholds, e.g.

CDMSlite: ~170 eV
(1309.3259)

DAMIC: ~50 eV
(1105.5191)

Lowering threshold gives HUGE increase in rate



T, [cmz]

Prospects for semiconductors

RE, Fernandez-Serra, Mardon, Adrian Soto,Volansky, Tien-Tien Yu (to appear)

Fpm(g)=1

preliminary
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Other direct detection avenues
for sub-GeV DM

t/ ® onization

® excitation RE, Mardon, Volansky

+Andrea Massari, Tien-Tien Yu

* molecular dissociation
RE, Mardon, Oren Slone,Volansky

see alsoVa'vra



Other direct detection avenues
for sub-GeV DM

t/ ® onization

# ® excitation RE, Mardon, Volansky

(bmeﬂy) +Andrea Massari, Tien-Tien Yu

* molecular dissociation
RE, Mardon, Oren Slone,Volansky

see alsoVa'vra



Example: Excitons in scintillating crystals?

e DM creates exciton

Exciton

Conduction
electron

Valence hole
i ’ i




Example: Excitons in scintillating crystals?

e DM creates exciton

Exciton

 Exciton de-excites

- Conduction
electron

Valence hole
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Backgrounds!?



Qutline

* direct detection

colliders (e*e)

illustrate
w/ simple fixed-target (p & €)
model indirect detection




A simple, predictive model

X: scalar or Dirac fermion

Dark Sector

SM Ae X

L €
Kinetic mixing: AL = — PV p Holdom:

/
2 [9A % Galison, Manohar

see also e.g.

Boehm, Fayet; Pospelov, Ritz,Voloshin;
Batell, Pospelov, Ritz; Lin, Yu, Zurek;
|zaguirre, Krnjaic, Schuster, Toro; ...



Direct Detection




Thermal freeze-out

X SM
ma’ > 2my
A (very
X SM predictive!)

see also lzaguirre, Krnjaic, Schuster, Toro, 2015



Thermal freeze-out

X SM
ma’ > 2my
A (very
X SM predictive!)

see also lzaguirre, Krnjaic, Schuster, Toro, 2015

scalar X:  ov o ——=mjv
m’,
. . GQOZD 2
Dirac fermion X: v m
m%, X

similar combination of parameters as direct detection!



Thermal freeze-out

X SM
ma’ > 2my
/
A (very
X SM predictive!)
see also lzaguirre, Krnjaic, Schuster, Toro, 2015
EQOéD
scalar X:  ov o« — = m} v’ p-wave
mA/
D. f . . GQQD 9
Irac tfermion X: oV X mfﬁv m. S-wave

similar combination of parameters as direct detection!



Constraints from CMB

10~ o o standard s-wave
AL i freeze-out
_94 Possible interpretations for: .
o 10 —  AMS-02/Fermi/Pamela disfavored
Fermi GC x/ <1 O GeV

gl —26 Thermal relic _| .
= 10 | easy to avoid, e.g.
S
p-wave
107 E or
el asymmetric
1000 10000
my |GeV]

Planck

see also e.g. Galli et.al; Slatyer, Padmanabhan, Finkbeiner; for y-ray constraints see e.g. RE, Kuflik,

Madhavacheril, Sehgal, Slatyer McDermott,Volansky, Zurek; 1309.4091



Thermal freeze-out

scalar X:

Dirac fermion X:

X SM
ma’ > 2my
/
A (very
X SM predictive!)
oV X —— MU p-wave
LY unconstrained by CMB
OU X —— M, s-wave = asymmetric
oy

CMB sets lower
bound on ov

e.g. Lin,Yu, Zurek



Thermal freeze-out

X SM
ma’ > 2my
/
A (very
X SM predictive!)
scalar X:  ov o ——=mjv p-wave
LY unconstrained by CMB
Dirac fermion X: op s
on X! ovx Ty s-wave = asymmetric
A/
CMB sets lower
brovides nice targets for bound on ov

direct detection experiments! e.g Lin,Yu, Zurek



Self-interactions

constraint from
bullet cluster etc.

mA/

sets upper bound on Op



RE, Mardon, Papucci,Volansky, Zhong

+ - . |zaguirre, Krnjaic, Schuster, Toro;
e e C O I e rS Fayet; Borodatchenkova et.al.

invisible

A

Constrained from 30/fb @BaBar

Exciting prospects (@Belle-2

(needs mono-photon trigger)



Batell, Pospelov, Ritz

Proton-beam dumps  tnsis

Aguilar-Arevalo et.al.

S
)
Decay Shield Detector
pipe
4
€E AOp
Nobs X 9
TTV A

constrained by LSND

MiniBooNE search underway

plenty of room for future exploration



Electron-beam dumps: SLAC’s EI137

Bjorken et.al.
Batell, RE, Surujon

~400 m
>
e X
)o<_

Electron €

Beam Target Dirt Detector

X X
Production Scattering A




Electron-beam dumps: SLAC’s EI137

Bjorken et.al.
Batell, RE, Surujon

~400 m
>
e X
)o<_
Electron €

Beam Target Dirt Detector

X X
Production Scattering A

L . C

but plenty of room for future exploration, e.g. w/ BDX

see lzaguirre, Krnjaic, Schuster, Toro; Diamond, Schuster; Battaglieri et.al.

see also proposals for “missing momentum search”  izaguirre, Kenjaic, Schuster, Toro



putting it all together...

(w/ a few additional constraints that | didn’t discuss)



Direct Detection Prospects (scalar X)

RE, Fernandez-Serra, Mardon, Adrian Soto,

ma =3 my Volansky, Tien-Tien Yu (to appear)
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Direct Detection Prospects (Dirac X)

RE, Fernandez-Serra, Mardon, Adrian Soto,
10-33 mp =3 My Volansky, Tien-Tien Yu (to appear)
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Summary

sub-GeV DM is a motivated, viable possibility

rich phenomenology: direct, indirect,
colliders, fixed-target

many opportunities for significant progress
over next few years
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Back-up



On-shell A" w/ decays to any invisible state(s)

RE, Mardon, Papucci,Volansky, Zhong
Hidden Photon — invisible (my > 2 m,)

1072

* g-) regions Pospelov

e VEPP-3 & DarkLight

Woijtsekhowski, Nikolenko, Rachek
Kahn, Thaler

e rare KKaon decays

see also deNiverville, Pospelov, Ritz

Belle 11

* BaBar and Belle Il best
at higher masses




Counts / 0.1 electrons

10;

0.1

100;

The XENON10 data

from published “S2-only” analysis,1104.3088 (15 kg-days)

_-—Allowedat90%upperlimit; 90% C.I. UPPer bounds
(counts/kg/day):
i 1e:34.5
TTTRTIHT
) {1 2e:4.5
L N 3e:0.83

Tonization Signal [electrons]

conservative limit: require DM signal < data



